Prenatal exposure to active maternal tobacco smoking elevates risk of cognitive and auditory processing deficits, and of smoking in offspring. Recent preclinical work has demonstrated a sex-specific pattern of reduction in cortical cholinergic markers following prenatal, adolescent, or combined prenatal and adolescent exposure to nicotine, the primary psychoactive component of tobacco smoke. Given the importance of cortical cholinergic neurotransmission to attentional function, we examined auditory and visual selective and divided attention in 181 male and female adolescent smokers and nonsmokers with and without prenatal exposure to maternal smoking. Groups did not differ in age, educational attainment, symptoms of inattention, or years of parent education. A subset of 63 subjects also underwent functional magnetic resonance imaging while performing an auditory and visual selective and divided attention task. Among females, exposure to tobacco smoke during prenatal or adolescent development was associated with reductions in auditory and visual attention performance accuracy that were greatest in female smokers with prenatal exposure (combined exposure). Among males, combined exposure was associated with marked deficits in auditory attention, suggesting greater vulnerability of neurocircuitry supporting auditory attention to insult stemming from developmental exposure to tobacco smoke in males. Activation of brain regions that support auditory attention was greater in adolescents with prenatal or adolescent exposure to tobacco smoke relative to adolescents with neither prenatal nor adolescent exposure to tobacco smoke. These findings extend earlier preclinical work and suggest that, in humans, prenatal and adolescent exposure to nicotine exerts gender-specific deleterious effects on auditory and visual attention, with concomitant alterations in the efficiency of neurocircuitry supporting auditory attention.
INTRODUCTION
Controlled, prospective clinical studies have linked maternal smoking during pregnancy with persistent deficits in general intellectual function and auditory processing in offspring (Fried et al, 1997 (Fried et al, , 2003 McCartney et al, 1994) . Converging evidence from preclinical work has identified nicotine as the chief teratogenic component of tobacco smoke contributing to adverse neurodevelopmental sequelae associated with prenatal exposure to maternal smoking (Slotkin, 2004; Slotkin et al, 2007) . Nicotine binds to nicotinic acetylcholine receptors (nAChRs) which, when stimulated by endogenous acetylcholine, play a key role in the regulation of brain development, promoting cell replication, differentiation, and synaptic development (Lauder and Schambra, 1999; Metherate and Hsieh, 2004; Slotkin, 2004) . Stimulation of nAChRs by nicotine during prenatal development produces persistent cholinergic and serotonergic hypoactivity, and reductions in neural cell membrane complexity, alterations in neurotransmitter responses mediated through adenyl cyclase and alterations in serotonin receptor expression (Navarro et al, 1989; Slotkin, 2004; Slotkin et al, 2007) . The vulnerability of the developing brain to nicotine extends into the early postnatal period in the rodent (corresponding to the third trimester in humans), where exposure disrupts auditory learning and nicotinic regulation of primary auditory cortex (Liang et al, 2006) .
Neurodevelopment continues through adolescence, with ongoing frontal, parietal, and perihippocampal myelination and reductions in cortical synaptic density (Benes et al, 1994; Giedd et al, 2006; Huttenlocher, 1979; Lenroot and Giedd, 2006; Yakovlev and Lecours, 1967) . Work in rodents has provided evidence that nicotine is also disruptive to adolescent brain development, resulting in changes in cholinergic neurotransmission, cell membrane complexity, cell signaling, and serotonin receptor density that are similar to but smaller in magnitude than those observed following prenatal nicotine exposure (Abreu-Villaca et al, 2003a, b; Slotkin et al, 2007) . Consistent with this evidence that vulnerability to the developmentally disruptive effects of nicotine extends into adolescence, adolescent tobacco smokers were found to have impaired working memory performance accuracy, while male smokers demonstrated impairments of auditory selective attention relative to female smokers and to male and female nonsmokers (Jacobsen et al, 2005) . These effects were observed regardless of how recently subjects had smoked, and thus could not be ascribed to acute effects of nicotine withdrawal on cognition (Jacobsen et al, 2005) . Evidence from a longitudinal sample studied before and after adolescent initiation of smoking has shown that smoking-associated cognitive deficits persist after controlling for presmoking levels of cognitive performance, further suggesting that cognitive deficits observed in adolescent smokers may stem from smoking (Fried et al, 2006) .
Rates of tobacco smoking and nicotine dependence are elevated among offspring prenatally exposed to maternal smoking (Buka et al, 2003; Cornelius et al, 2000; Griesler et al, 1998; Kandel et al, 1994) . Recent work with a rodent model developed to study the effects of combined nicotine exposure during these two key developmental epochs (gestation and adolescence) has provided evidence of sexspecific effects (Slotkin et al, 2007) . Whereas effects of prenatal or adolescent nicotine exposure alone on cholinergic neurotransmission, neural cell membrane complexity, cell signaling, and serotonin receptor expression were more prominent in males than in females, when prenatal exposure was followed by adolescent exposure the net effect on indices of neurodevelopment in females was similar to that in males (Slotkin et al, 2007) . In contrast, among males, the magnitude of effects of dual (prenatal + adolescent) nicotine exposure on neurodevelopment was similar to that observed with prenatal or adolescent exposure alone (Slotkin et al, 2007) .
A large body of evidence (reviewed in Sarter et al, 2005) has shown that normal attentional performance rests on the integrity of cortical cholinergic neurotransmission. Although exposure to nicotine during brain development has been shown to reduce cortical cholinergic markers in the rodent model (Slotkin et al, 2007) , few prior studies have examined the impact of prenatal and adolescent exposure to tobacco smoke on attention in humans. Accordingly, we examined auditory and visual attention in 181 adolescent smokers and nonsmokers with and without prenatal exposure to active maternal smoking. Given recent preclinical work demonstrating sex differences in the pattern of reductions in cholinergic markers resulting from nicotine exposure during prenatal and adolescent development (Slotkin et al, 2007) , we anticipated that although females would exhibit greater deficits following combined prenatal and adolescent exposure to tobacco smoke than following prenatal or adolescent exposure alone, males would exhibit a similar magnitude of deficits following prenatal or adolescent exposure alone or in combination. Given earlier clinical work demonstrating greater deficits in auditory attention in male adolescent smokers relative to male nonsmokers and to females (Jacobsen et al, 2005) , we anticipated that deleterious effects of exposure to tobacco smoke during brain development on attention would be greater in the auditory modality in males. A subset of subjects was studied using functional magnetic resonance imaging (fMRI) during performance of a task assessing auditory and visual attention. Earlier work has shown that increases in cortical cholinergic neurotransmission enhance the selectivity of perceptual processing (Furey et al, 2000; McGaughy et al, 1996; McGaughy and Sarter, 1998; Sarter et al, 2005) , and improve the efficiency (reduce activation) of brain regions supporting higher cortical function (Furey et al, 2000) . Thus, we anticipated that exposure to tobacco smoke during brain development would be associated with reduced efficiency (increased activation) of brain regions supporting attentional processing, possibly reflecting nicotine exposure-induced reductions in cortical cholinergic neurotransmission.
METHODS Participants
Ninety-two adolescents with prenatal exposure to active maternal smoking were compared to 89 adolescents with no prenatal exposure to active maternal smoking. Prenatally exposed subjects included 67 current daily tobacco smokers and 25 nonsmokers (defined as having a lifetime history of smoking no more than two cigarettes), whereas subjects with no prenatal exposure to maternal smoking included 44 current daily tobacco smokers and 45 nonsmokers. Participants were 13 to 18 years of age and were recruited from the community by advertisement. All subjects were free of medical and DSM IV (Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition; American Psychiatric Association, 1994) psychiatric illness and substance abuse or dependence disorders, other than nicotine dependence, as determined by physical examination and structured clinical interview (Kaufman et al, 1997; Meyers et al, 1995; Sobell and Sobell, 1992) . Detailed druguse history was obtained using the Comprehensive Addiction Severity Index for Adolescents and the Time Line Follow-back Interview (Meyers et al, 1995; Sobell and Sobell, 1992) . Abstinence from substance use during the week before assessment was confirmed by urine toxicology screen.
At initial screening, general intelligence was estimated using the Kaufman Brief Intelligence Test (Bowers and Pantle, 1998) , reading achievement was estimated using the Word Attack Subtest of the Woodcock-Johnson Revised Test of Achievement, and self-reported symptoms of depression and inattention were assessed using the Beck Depression Scale (Beck et al, 1961) and the Conners Adolescent Self Report Scale (Conners, 1998) , respectively. Prenatal exposure was assessed by semi-structured interview of the parents regarding the average number of cigarettes smoked per day by the mother during each trimester of her pregnancy with the subject. The mother's consumption of other substances and alcohol during the pregnancy, and the rate of smoking by other persons living in the home during the pregnancy (prenatal environmental exposure) were also assessed during this interview.
Parental consent was obtained for subjects 17 years of age and younger. This study was approved by the Yale University School of Medicine Human Investigation Committee. Subjects provided written assent or, for 18-year olds, consent for study participation.
Procedure
In adults and adolescent humans, cessation of regular tobacco smoking produces an acute withdrawal syndrome, one characteristic of which is disruption of attention and memory (Jacobsen et al, 2005; Pineda et al, 1998; Shiffman et al, 1995; Snyder et al, 1989; West and Hack, 1991) . To minimize potentially confounding effects of nicotine withdrawal on cognitive function, smokers were permitted to smoke their own brand of cigarettes during a break midway through behavioral testing and immediately before scanning. All smokers smoked during these breaks. During assessment, blood or saliva in 110 subjects was obtained to measure cotinine, the primary metabolite of nicotine. The proportion of subjects declining to provide blood did not significantly differ across groups. Saliva and plasma samples were frozen at À301C immediately following collection, and were analyzed using gas chromatography (Jacob et al, 1981) . Self-reported mood was assessed using the Center for Epidemiologic Studies-Depression (CES-D) scale (Radloff, 1977) . Among smokers, measures of symptoms of nicotine withdrawal, using the Minnesota Nicotine Withdrawal Scale (Hughes and Hatsukami, 1998) and the Clinical Institute for Narcotic Withdrawal Scale (Peachey and Lei, 1988) , and tobacco craving, using the Shiffman Jarvik scale (1796), were also obtained at the time of assessment.
Assessment of Auditory and Visual Selective and Divided Attention
Subjects performed a modified version of a previously described computerized word recognition task that involved three progressively more demanding manipulations of attention (Shafritz et al, 2004; Shaywitz et al, 2001 ). Trials within each task were 5 s long. In the selective attention task, trials began with a 500 ms visual cue, depicting an eye or an ear, prompting subjects to attend to the visual or auditory modality, respectively (Figure 1a and b) . After a 500 ms pause, a word or nonword was presented in the cued modality. Subjects then made a word/nonword discrimination (lexical decision) with a button press. In the simple condition, word or nonword stimuli were presented only in the attended modality, whereas nonlinguistic stimuli (four diagonal lines or a tone stimulus) were presented in the unattended modality. In the selective attention condition, a linguistic stimulus (word or nonword) was simultaneously presented in the unattended modality, thereby placing greater demand on neurocircuits mediating perceptual selectivity. In the divided attention task, word or nonword linguistic stimuli were presented in both modalities simultaneously (Figure 1c) . After a 500 ms pause, a cue depicting an eye and an ear, representing the visual and the auditory modality, with a circle around the eye, the ear, both, or neither, was presented. Subjects responded positively with a button press if the stimulus presented in the encircled modality was a word and the stimulus presented in the modality not encircled was a nonword, and negatively with a button press if this was not the case. Thus, unlike the selective attention task, subjects had to attend to and fully process the linguistic stimuli in both modalities. Order of task conditions was randomized across subjects.
Assessment of Neurocircuitry Mediating Auditory and Visual Attention
To examine effects of prenatal and adolescent exposure to tobacco smoking on the function of neurocircuitry that supports auditory and visual attention, 33 subjects with prenatal exposure and 30 subjects with no prenatal exposure to maternal smoking underwent fMRI scanning, while performing the above-described auditory and visual simple and selective attention and divided attention tasks. For fMRI scanning, a block design was employed and the task was modified to include a control condition in which subjects pressed a button in response to a simultaneous tone and line stimulus presentation. Subjects were scanned using a 3.0 Tesla Siemens Trio MRI system. Axial oblique T1-weighted anatomic images were acquired parallel to the anterior-posterior commisural line using a FLASH sequence (25 contiguous slices, slice thickness ¼ 5 mm, echo time ( Design of visual and auditory selective and divided attention trials. During selective attention trials, subjects judged whether a linguistic stimulus in the cued modality was a word or a nonword. During divided attention trials, subjects responded positively with a button press if the stimulus presented in the encircled modality was a word and the stimulus presented in the modality not encircled was a nonword, and negatively with a button press if this was not the case.
Data Analysis
Accuracy of task performance was assessed by dividing the number of correct responses by the total number of trials (proportion correct) for each condition. Data were analyzed using linear mixed effects regression analysis implemented in SPlus (Insightful Coorporation, Seattle, WA, USA) with subject modeled as a random effect. Models used to assess speed and accuracy of divided attention task performance included fixed effects for prenatal exposure (exposed vs no prenatal exposure), smoking status (smoker/nonsmoker), gender, and the interactions between prenatal exposure, smoking status, and gender. Models used to assess speed and accuracy of selective attention task performance also included fixed effects for modality (auditory/visual) and selective attention load (simple/select). Potential confounding effects of baseline symptoms of depression (Beck score), estimated full scale IQ, reading achievement, alcohol use, lifetime episodes of cannabis use, prenatal exposure to environmental tobacco smoke, and prenatal exposure to maternal alcohol consumption were controlled by entering these variables as fixed effects in the regression models. Previous work has shown that salivary concentrations of cotinine in youth are, on average, 20% higher than plasma concentrations of cotinine (Jarvis et al, 2003) . Therefore, salivary cotinine concentrations were multiplied by a factor of 0.8 before combining them with measures of cotinine from plasma.
Image analysis was performed using locally developed software written in Matlab (MathWorks, Natick, MA). Before statistical analysis, images were motion-corrected using SPM 99, and were spatially filtered using a Gaussian filter of full width at half maximum of 6.25 mm. One volume was discarded at the end and at the beginning of each block to avoid variance stemming from hemodynamic changes that occur during task transitions. Single subject activation data was obtained using linear regression to generate maps of contrast values (regression parameter estimates) by comparing the mean signal during each activation condition to the control condition. Predictors for nuisance variables were also included in the regression model to account for run-to-run differences in mean signal intensity, and first-, second-, and third-order polynomial time trends (drift) within each run.
Before across subjects comparisons, fMRI data were spatially normalized to standard stereotactic space (Montreal Neurologic Institute Template) using BioImage Suite (www.bioimagesuite.org; New Haven, CT), as described previously (Ashburner and Friston, 1999; Papademetris et al, 2003) . Effects of prenatal exposure to maternal smoking, adolescent smoking status, selective attention load, and modality on task-related activation were assessed at each voxel using mixed model repeated measures analysis of variance (Woods, 1996) , with prenatal exposure and smoking status as between-subjects variables, modality and attention load as within-subjects variables, and subject treated as a random effect within each group. A univariate voxel threshold of po0.0001, corrected for mapwise false discovery rate, (Genovese et al, 2002) was used with a further cluster threshold of ten contiguous significant voxels. Location of peak differences in activation were estimated from Talairach and Tournoux (Talairach and Tournoux, 1988) , after adjustment for differences between MNI and Talairach coordinate space using the nonlinear transformation by Brett (www.mrc-cbu.cam.ac.uk/Imaging/ Common/mnispace.shtml).
RESULTS
Demographic, clinical, and cognitive characteristics of the entire sample are presented in Table 1 .
The groups did not differ in age, symptoms of inattention, years of education, or years of parent education. Smokers had significantly more symptoms of depression at screening (b ¼ 4.7, t ¼ 2.9, po0.01), greater history of alcohol (b ¼ 2.4, t ¼ 2.3, po0.05), and cannabis (b ¼ 210.2, t ¼ 3.0, po0.01) consumption, and lower estimated general intelligence (b ¼ À7.1, t ¼ À2.5, po0.05). These effects of adolescent smoking were not significantly modified by gender or prenatal exposure to maternal smoking. Birth weight of adolescents with prenatal exposure to maternal smoking was, on average, 0.26 kg lower than that of adolescents with no prenatal exposure to maternal smoking (b ¼ À7.5, t ¼ À2.4, po0.05). In addition, adolescents with prenatal exposure to maternal smoking had more environmental tobacco smoke exposure during gestation (persons other than the mother smoking in the home during gestation of the subject; b ¼ 23.1, t ¼ 3.4, po0.001). These effects of prenatal exposure were not significantly modified by gender or smoking status.
Among smokers, effects of gender and prenatal exposure to maternal smoking on estimated plasma cotinine and nicotine concentrations, age at onset of smoking, and symptoms of nicotine withdrawal and tobacco craving at assessment were not significant. Urine toxicology screen before assessment was positive for 11-nor-D 9 -tetrahydrocannabinol-9-carboxylic acid in eight smokers with prenatal exposure to maternal smoking and in 13 smokers with no prenatal exposure to maternal smoking, indicating the presence of residual cannabinoids. Urine toxicology screen was negative for all other substances of abuse in these subjects and was negative for all substances in all other subjects.
Among the adolescents with prenatal exposure to maternal smoking, exposure was restricted to the first trimester in 36, whereas five were exposed through two trimesters, and 51 were exposed throughout gestation. Reported maternal use of other drugs during pregnancy was as follows: among mothers of smokers with prenatal exposure to maternal smoking, 14 consumed alcohol, six consumed cannabis, and one consumed cocaine during the index pregnancy. Among mothers of smokers without prenatal exposure to maternal smoking, three consumed alcohol, one consumed cannabis, and one consumed cocaine during the pregnancy. Among mothers of nonsmokers with prenatal exposure to maternal smoking, six consumed alcohol, one consumed cannabis, and one consumed cocaine during the pregnancy. Among mothers of nonsmokers without prenatal exposure to maternal smoking, two consumed alcohol and none consumed cannabis or cocaine during the pregnancy. No subject in the sample was exposed to opiates, amphetamine, hallucinogens, sedative-hypnotics, or inhalants during gestation.
Adolescents with prenatal exposure to active maternal smoking also had more prenatal exposure to alcohol (b ¼ 0.4, t ¼ 3.0, po0.01). This effect was not significantly modified by gender or smoking status. Rates of prenatal exposure to cannabis or cocaine did not significantly differ across the groups.
Seven smokers with prenatal exposure to maternal smoking had experimented with illicit substances other than cannabis; four had tried cocaine, one had tried amphetamine, four had tried oral opiates, three had tried sedative-hypnotics, and five had tried hallucinogens. Six smokers with no prenatal exposure to maternal smoking had experimented with illicit substances other than cannabis; four had tried cocaine, one had tried amphetamine, three had tried oral opiates, two had tried sedativehypnotics, and one had tried hallucinogens. Nonsmokers with and without prenatal exposure to maternal smoking denied previous use of cocaine, amphetamine, opiates, sedative hypnotics, and hallucinogens, and all subjects denied previous use of methylenedioxymethamphetamine (ecstasy), inhalants, anabolic steroids, and injected drugs.
Effects of Gender, Prenatal Exposure to Maternal Smoking, and Adolescent Smoking on Mood and on Task Performance
We found a significant adolescent smoking by prenatal exposure interaction effect on depressed mood measured at the time of assessment (b ¼ À6.7, t ¼ À2.1, po0.05). Both adolescent smoking and prenatal exposure to maternal smoking were associated with increases in depressed mood at the time of assessment (CES-D score: prenatally exposed smokers ¼ 11.478.5, nonexposed smokers ¼ 11.278.4, prenatally exposed nonsmokers ¼ 9.777.2, nonexposed nonsmokers ¼ 5.574.0). This effect was most pronounced in current smokers and was not significantly modified by gender.
Consistent with previous observations (Shaywitz et al, 2001) , lexical discrimination was less accurate and slower during the auditory relative to the visual simple and selective attention conditions (main effect of modality: performance accuracy: b ¼ À0.05, t ¼ À2.2, po0.03; reaction time: b ¼ 234.0, t ¼ 6.8, po0.0001). A significant modality by prenatal exposure to maternal smoking by adolescent smoking effect was observed on performance accuracy (b ¼ À0.1, t ¼ À2.0, po0.05; Figure 2a ). This reflected evidence of a dose-related effect of exposure, whereby prenatal or adolescent exposure alone was associated with performance accuracy that was intermediate between that of smokers with prenatal exposure, whose performance accuracy was lowest, and nonsmokers with no prenatal exposure, whose performance accuracy was highest.
This interaction effect was significantly modified by gender (modality by prenatal exposure by adolescent smoking by gender b ¼ 0.1, t ¼ 2.4, po0.02; Figure 2b ). Post hoc testing within each of the four exposure groups indicated significant effects of modality across all exposure groups, whereby lexical discrimination was less accurate during auditory than during visual conditions. This main effect of modality was significantly modified by gender only among smokers with prenatal exposure to maternal smoking (gender by modality interaction: b ¼ 0.1, t ¼ 3.3, po0.002). Within this group, males demonstrated a greater reduction in performance accuracy during auditory conditions relative to visual conditions than females. All of these effects remained significant after controlling for the presence of residual cannabinoids (positive urine toxicology screens).
The effect of modality on reaction time was not significantly modified by prenatal exposure to maternal smoking, adolescent smoking, or gender. Although the effect of attention load on reaction time was significant (b ¼ 102.4, t ¼ 3.0, po0.004), reflecting slower reaction times during selective relative to simple attention conditions, effects of attention load on reaction time were not significantly modified by prenatal exposure to maternal smoking, adolescent smoking, or gender. The effect of attention load on performance accuracy was not significant. Effects of prenatal exposure to maternal smoking, adolescent smoking, and gender on performance accuracy and reaction time during the divided attention task were not significant.
Effects of Prenatal Exposure to Maternal Smoking and Adolescent Smoking on Neurocircuitry Supporting Auditory and Visual Attention
Demographic, clinical, and cognitive characteristics of the subgroup of adolescents who underwent fMRI scanning are presented in Table 2 .
The groups undergoing scanning did not differ in age, gender, birth weight, symptoms of inattention, years of education, years of parent education, or alcohol consumption. Smokers had significantly more symptoms of depression at screening (b ¼ 4.7, t ¼ 2.1, po0.05), greater history of cannabis consumption (b ¼ 211.3, t ¼ 2.3, po0.05), and lower estimated general intelligence (b ¼ À8.2, t ¼ À2.2, po0.05). These effects of adolescent smoking were not significantly modified by gender or prenatal exposure to maternal smoking. Adolescents with prenatal exposure to maternal smoking had more environmental tobacco smoke exposure during gestation (b ¼ 18.0, t ¼ 2.0, po0.05). These effects of prenatal exposure were not significantly modified by gender or smoking status.
Given that effects of prenatal exposure to maternal smoking and adolescent smoking on accuracy of simple/ selective attention task performance were significantly modified by modality, percent signal change data during performance of simple and selective attention tasks were extracted from regions showing significant main effects of modality. These included bilateral superior temporal gyrus (Talairach coordinates, left (BA 41/42) 
, and right middle frontal gyrus (BA 9: X ¼ 31, Y ¼ 33, Z ¼ 32), where activation was greater during the auditory conditions, and bilateral middle occipital gyrus (left (BA 17/18):
, where activation was greater during visual conditions. Percent signal change data extracted from these regions of interest were tested for significant prenatal exposure by adolescent smoking by modality interaction effects using linear mixed effects regression models, controlling for potential confounding variables including the presence of residual cannabinoids, as described above (see data). Effects of gender were not examined in these models given the smaller size of the sample undergoing fMRI scanning; however gender was included in the model as a control variable.
Activation of four regions showed significant prenatal exposure by adolescent smoking by modality interaction effects; bilateral superior temporal gyrus (left: Figure 4 ). Plots of the percent signal change data revealed that, across exposure groups, activation of these regions was greater during the auditory conditions than during the visual conditions, consistent with earlier comparisons of auditory and visual attention demonstrating the importance of these regions for auditory attention (Saito et al, 2005; Shaywitz et al, 2001) . Post hoc analyses indicated that during the auditory conditions, activation of right superior temporal gyrus was significantly greater in all exposure groups relative to subjects with neither prenatal nor adolescent exposure, whereas activation of left and right lingual gyrus was significantly greater in subjects with prenatal exposure to tobacco smoke alone than in subjects with neither prenatal nor adolescent exposure. Task-related activation of bilateral superior temporal and lingual gyrus in subjects with combined prenatal and adolescent exposure was not significantly different from that of subjects with adolescent or prenatal exposure to tobacco smoke alone.
DISCUSSION
In the present study, in both auditory and visual modalities, female nonsmokers with no prenatal exposure to maternal smoking performed most accurately, female smokers with prenatal exposure performed least accurately, whereas performance of females with prenatal or adolescent exposure to tobacco smoke alone was intermediate between these two extremes. This pattern suggests a linear dosedependent effect of prenatal and adolescent exposure to tobacco smoke on neurocircuitry that supports visual and auditory attention in females. In contrast, among male adolescents, deleterious effects of exposure to tobacco smoke were most pronounced among smokers with prenatal exposure during the auditory attention conditions.
Earlier work has demonstrated that intact cortical cholinergic neurotransmission is required for normal attentional performance (Sarter et al, 2005) . In animals, cortical cholinergic deafferentation produces impaired responding to signal trials, whereas responding to nonsignal trials remains intact (McGaughy et al, 1996; McGaughy and Sarter, 1998) . This suggests that cortical cholinergic hypoactivity does not alter the primary representation of sensory input, but impairs the detection process (Sarter et al, 2005) . Conversely, in animals and in humans, increasing cholinergic neurotransmission has been shown to improve both visual and auditory attention (Domino and Kishimoto, 2002; Furey et al, 2000; Harkrider and Hedrick, 2005; Sarter et al, 2005) . Work in a rodent model of developmental nicotine exposure has demonstrated stable reductions in markers of cortical cholinergic activity in females following prenatal or adolescent exposure to nicotine alone, with enhanced reductions in cholinergic markers following combined exposure (Slotkin et al, 2007) . Together, these findings suggest that the adverse effect of prenatal and adolescent exposure to tobacco smoke on visual and auditory attention in females, which were more prominent with increasing magnitude of exposure, may reflect the impact of nicotine exposure-induced reductions in cholinergic neurotransmission, leading to impairments in attention.
In male rodents, reductions in cortical cholinergic markers following prenatal or adolescent nicotine exposure alone were observed to be similar in magnitude to those following combined exposure (Slotkin et al, 2007) . Among males in the present study, a more complex, modalityspecific pattern of impairments was observed, with combined prenatal and adolescent exposure to tobacco smoke being associated with a greater reduction in performance accuracy during auditory conditions than during visual conditions. These observations suggest that in males neurocircuitry supporting auditory attention may be more vulnerable to developmental insult from nicotine than is the neurocircuitry supporting visual attention, whereas in females, neurocircuitry supporting auditory and visual attention may be equally vulnerable to the effects of nicotine exposure during prenatal and adolescent development. In turn, our findings indicate the need to return to animal models to examine brain regions involved in auditory and visual processing, to determine whether these effects are observed pursuant to developmental exposure to nicotine as opposed to tobacco smoke.
Prospective clinical studies have provided evidence that prenatal exposure to maternal smoking is associated with deficits in auditory processing among offspring that persist through adolescence (Fried et al, 1997 (Fried et al, , 2003 McCartney et al, 1994) . Recent preclinical work indicates that nicotine exposure during early postnatal development, corresponding to the third trimester of pregnancy in humans, resulted in impaired function of nAChRs in primary auditory cortex localized on neurons that regulate thalamocortical inputs (Liang et al, 2006) . Although gender differences in this effect of prenatal exposure alone were not noted in these studies, the present findings suggest that, in males, when prenatal exposure is followed by adolescent exposure to tobacco smoke, neurocircuitry supporting auditory attention may be more vulnerable to the developmental toxicity of nicotine than neurocircuitry supporting visual attention. In rodents, binding availability of nicotinic receptors in cortex and in subcortical structures does not differ by sex (Slotkin et al, 2007) . Thus, the gender-specific effect of developmental exposure to tobacco smoke on auditory attention may not stem from global male-female differences in nicotinic receptor-binding sites, but rather to gender differences in downstream effects of activation of nAChRs by nicotine or in the hormonal regulation of these downstream effects. Alternatively, sex differences in receptor expression or function may emerge with finer dissection of subregions that are specifically involved in auditory tasks, and future work needs to address this issue.
Consistent with the notion that in humans, neurocircuitry supporting auditory attention may be more vulnerable to the developmental toxicity of nicotine than neurocircuitry supporting visual attention, functional-imaging data revealed significant prenatal exposure by adolescent smoking by modality effects in regions that support auditory attention, including bilateral superior temporal gyrus, encompassing primary auditory cortex on the left (Saito et al, 2005; Shaywitz et al, 2001) . During performance of the auditory attention tasks, activation of right superior temporal gyrus was greater in all exposure groups relative to subjects with neither prenatal nor adolescent exposure, whereas activation of bilateral lingual gyrus was greater in subjects with prenatal exposure to tobacco smoke alone relative to subjects with no exposure. These data suggest a loss of efficiency in cortical regions that support auditory attention, possibly stemming from reduced cortical cholinergic neurotransmission resulting from exposure to tobacco smoke during prenatal or adolescent brain development (Abreu-Villaca et al, 2003a, b; Slotkin et al, 2007) . Earlier work in humans and animals has shown that enhanced cholinergic neurotransmission improves the selectivity of perceptual processing (Furey et al, 2000; McGaughy et al, 1996; McGaughy and Sarter, 1998; Sarter et al, 2005) . In humans, this effect is associated with reduced activation of regions mediating higher cortical processing (Furey et al, 2000) . Together, these observations suggest that reductions in cortical cholinergic neurotransmission resulting from exposure to tobacco smoke during prenatal or adolescent brain development may reduce the efficiency of central auditory processing by reducing the selectivity of auditory perception.
Earlier studies have shown that prenatal exposure to active maternal smoking increases risk for deficits in auditory processing (Fried et al, 1997; McCartney et al, 1994) and Attention Deficit Hyperactivity Disorder (ADHD) (Linnet et al, 2003; Romano et al, 2006; Williams et al, 1998) among offspring. In turn, ADHD symptoms have been shown to increase risk for tobacco smoking in a linear, dose-dependent manner (Kollins et al, 2005) . Male gender is an independent risk factor for ADHD (Romano et al, 2006) , and many of these studies have controlled for effects of gender (Linnet et al, 2003; Romano et al, 2006; Williams et al, 1998) . However, few have tested whether risk of developing ADHD symptoms subsequent to prenatal exposure to maternal smoking is modified by gender. Shafritz and colleagues (2004) , using the task described herein in a predominantly (73%) male sample, observed significant reductions in accuracy during performance of auditory simple and auditory selective attention but not visual simple or visual selective attention tasks among subjects with ADHD (Shafritz et al, 2004) . fMRI scanning revealed altered function of bilateral middle temporal gyrus during performance of the auditory attention conditions but not during performance of the visual attention conditions in unmedicated ADHD patients relative to healthy comparison subjects (Shafritz et al, 2004) . Neither smoking status nor prenatal history was described in this sample.
In the present study, both adolescent smoking and prenatal exposure to maternal smoking were associated with increases in symptoms of depressed mood. Earlier work has demonstrated alterations in serotonin receptor 1A (5HT 1A ) and 2 (5HT 2 ) binding in patients with depression (Arango et al, 2001; Parsey et al, 2006; Yatham et al, 2000) . In the rodent model, both prenatal and adolescent exposure to nicotine were found to increase cerebrocortical 5HT 1A and 5HT 2 receptor binding, while shifting 5HT signaling patterns toward inhibition (Slotkin et al, 2006 (Slotkin et al, , 2007 Xu et al, 2002) , suggesting that tobacco exposure-associated increases in depressed mood observed in the present sample may stem from nicotine-induced alterations in 5HT receptor function. Although effects of prenatal and adolescent nicotine exposure on 5HT 1A and 5HT 2 receptor binding were greater in males in the rodent model (Slotkin et al, 2007) , gender differences in the impact of prenatal or adolescent exposure to tobacco smoke on depressed mood in human adolescents did not achieve statistical significance in the present study.
The possibility that the group differences in attentional performance and cortical processing efficiency observed in the present study stem from factors unrelated to prenatal or adolescent exposure to tobacco smoke or gender cannot be excluded. However, the fact that interaction effects remained significant after group matching and statistical controls for potentially confounding variables, including cannabis and alcohol use and maternal use of alcohol, argues against this possibility, as does the congruence of many of our conclusions with the findings from rodent models of exposure to nicotine alone. Similarly, although prenatal exposure to maternal smoking was associated with a small reduction in birth weight, the lack of a significant effect of prenatal exposure on estimated IQ argues against a nonspecific fetal insult causing the pattern of deficits observed in the present study (Slotkin, 2004) . Although the gender distribution within exposure groups was uneven, the analyses performed produce unbiased estimates of the population means regardless of the sample size, and take into account the increased variability of estimates derived from smaller samples when computing p values. The size of the sample undergoing fMRI scanning in the present study did not permit evaluation of the degree to which gender modifies the effect of prenatal and adolescent exposure to tobacco smoke on the function of neurocircuitry supporting visual and auditory attention. Imaging of this sample is ongoing and future work will examine these issues. Other limitations include the measurement of prenatal exposure by retrospective self-report. Work comparing prospectively and retrospectively collected data about pregnancy has supported the accuracy of pregnancy data collected by retrospective self-report (Buka et al, 2004; Jacobson et al, 1991) . Similarly, comparison of serum cotinine concentrations and self-reported smoking behavior during pregnancy has yielded evidence of significant agreement between these measures (Buka et al, 2003) . Although the lower birth weight observed in prenatally exposed subjects is consistent with many earlier studies linking maternal smoking during pregnancy with lower birth weight (Eskenazi et al, 1995) and thus further supports the validity of our retrospectively acquired data, rates of smoking during pregnancy may have been underreported in the present study owing to the social stigma attached to this behavior. Finally, the possibility that genetic factors shared by mothers and their offspring may mediate both increased risk for smoking and impaired visual and auditory attention cannot be excluded by these data.
In summary, the present findings suggest that in females, exposure to tobacco smoke during prenatal and adolescent developmental epochs exerts deleterious effects on auditory and visual attention that increase with increasing magnitude of exposure. These data are consistent with observations in the female rodent model of prenatal and adolescent nicotine exposure and suggest that observed attentional impairments may stem from nicotine exposure-induced reductions in cholinergic neurotransmission (Slotkin et al, 2007) . Although the neurocircuitry supporting auditory and visual attention appears to be equally vulnerable to developmental insult stemming from exposure to tobacco smoke in females, in males, neurocircuitry supporting auditory attention appears to be more vulnerable to this insult than is neurocircuitry supporting visual attention. Prenatal exposure to maternal smoking was associated with reduced efficiency of neurocircuitry supporting auditory attention, consistent with reduced cortical cholinergic neurotransmission. Recent data indicate that between 10 and 16% of women who give birth in the United States are unable to stop smoking during their pregnancies (Martin et al, 2006) . The present findings underscore the importance of developing smoking prevention programs that target women of childbearing age and of developing effective treatments for tobacco dependence that do not involve nicotine replacement. Further, these data suggest the importance of assessing prenatal and adolescent exposure to tobacco smoke in studies of cognition and brain function in clinical populations with attentional impairments.
